Cyanobacteria change the quantity and/or quality of their pigment-protein complexes in response to light conditions. In the present study, we analyzed excitation relaxation dynamics in the cyanobacterium, Arthrospira (Spirulina) platensis, grown under lights exhibiting different spectral profiles, by means of steady-state absorption and picosecond time-resolved fluorescence spectroscopies. It was found that F760, which is the PSI redchlorophyll characteristic of A. platensis, contributes to slower energy-transfer phase in the PSI of A. platensis. Excitation energy transfers in phycobilisome and those from PSII to PSI were modified depending on the light quality. Existence of quencher was suggested in PSI of the blue-light grown cells. Phycobilisomes in the green-light grown cells and the far-red-light grown cells transferred excitation energy from phycobilisome to chlorophyll without loss of energy. In these cells, excitation energy was shared between two photosystems. Fast energy transfer was established in phycobilisome under the yellow-light condition where only the phycobilisome can absorb the cultivation light. Differences in light-harvesting and energy-transfer processes under different cultivation-light conditions are discussed. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability: from Natural to Artificial.
Introduction
Specific pigment-protein complexes, which absorb light energy and subsequently transfer excitation energy to photosynthetic reaction centers, are characteristic of photosynthetic organisms. Changing the quality and/or quantity of the complexes is the means by which light-harvesting and energy-transfer processes adapt to light conditions. Cyanobacteria and red algae form a unique antenna complex, phycobilisome (PBS), which contains phycoerythrin, phycocyanin, and allophycocyanin instead of chlorophyll (Chl), and which absorbs light energy in the visible region [1, 2] . The light energy captured by PBS is transferred to Chl as excitation energy, followed by charge separation in the reaction center. Cyanobacteria can alter PBS pigment content in response to light conditions [3] [4] [5] . In the cyanobacterium Anacystis nidulans the ratio of phycocyanin to Chl a is reduced under strong orange light, and increased under strong red light [3] . Another cyanobacterium species, Fremyella diplosiphon, can change its phycobiliprotein composition in response to light quality; cells grown under green light synthesize phycoerythrin, phycocyanin, and allophycocyanin, whereas those grown under red light synthesize only phycocyanin and allophycocyanin [5] . The short-wavelength form of phycocyanin (PC 615 ) was induced under red light; however, energy transfer processes in phycocyanin and allophycocyanin remained identical to those under green light [6] . It was also reported that the cyanobacterium Synechococcus PCC 6301 (Anacystis nidulans) can alter the extent of energy transfer from PBS to PSII (state transition), without affecting the lifetimes of PSII fluorescence [7] .
Many antenna Chls absorb light energy at shorter wavelength than that absorbed by the primary electron donors. However, in addition to the Chls, which emit fluorescences around 680 nm, so-called red-Chls, whose electronic transition energies are lower than those of their primary electron donors (P700 and P680), are present in photosystem I (PSI) and photosystem II (PSII). Their presence was revealed mainly by fluorescence measurements at low temperature (77 K) as terminal energy traps; the red-Chls in PSI exhibit fluorescence peaks around 730 nm, whereas those in PSII, at 685 nm and 695 nm [8] [9] [10] [11] .
Time-resolved fluorescence spectroscopy is a most useful technique by which to investigate energy transfer processes in photosynthetic systems, because it detects signals from excited states only. One application is observation of pigment-to-pigment energy-transfer process. By monitoring fluorescence signals as a function of time, energy transfer is observed as a time-dependent decrease in fluorescence intensity from a pigment with a higher transition energy, and a concomitant intensity gain by a pigment with a lower transition energy [12] . Another application is observation of energy-transfer between two photosystems. By detecting delayed fluorescence signals after charge recombination in PSII, the PSII-to-PSI energy transfer may be examined [13] . The delayed fluorescence observed in the 10-ns region at 77 K proceeds by the following mechanism: When the reaction center of PSII is excited, charge separation takes place. It is well known that charge recombination between the primary electron donor and the primary electron acceptor occurs at a given probability. After charge recombination, an excited state is re-generated at the reaction center, and delayed fluorescence is emitted. Lifetimes of delayed fluorescence have been reported to be of order 10 ns, and therefore, they are easily distinguished from prompt fluorescence with lifetimes of order 1 ns or shorter [14] . In studies of isolated PSI, the longest lifetime was determined as less than 5 ns; therefore, PSI by itself does not emit delayed fluorescence [15] . Treatment with ether can reportedly extract phylloquinone from PS I complexes and induce delayed fluorescence of estimated lifetime 57.4 ns [14] . In some cases, excitation energy generated by charge recombination in the PSII reaction center transfers to the core antenna. When this happens, F685 and F695 exhibit long-lifetime fluorescences, and additional bands are detected at longer wavelengths in the delayed fluorescence. Any longlifetime component is not resolved in the PSI particle [15] ; however, under the condition that PSII exists, long lifetime components are observed in the PSI fluorescence region. In the red algae Porphyridium cruentum, Bangia fuscopurpurea, Porphyra yezoensis, Chondrus giganteus and Prionitis crispate, long-lifetime components appear in the PSI fluorescence region, indicating that a certain amount of PSII attaches to PSI performing a PSII-to-PSI excitation energy transfer [13] . At 77 K, energy transfer occurs from pigments with higher transition energy to those with lower, i.e. from PSII to PSI. However, at room temperature, up-hill energy transfer from PSI to PSII may be possible. Therefore, by detecting delayed fluorescence at 77 K, the mechanism by which two photosystems share excitation energy can be examined.
The cyanobacterium Arthrospira (Spirulina) platensis possesses an extremely low-energy Chla in PSI (F760), which fluoresces, but contains no phycoerythrin in its PBS [16] . The fluorescence spectrum of this organism shows a peak at 760 nm at 77 K, in addition to standard Chl fluorescence [17, 18] . Fluorescent bands are due to excitation energy transfer processes occurring in and between phycocyanin, allophycocyanin, F685, F698, F730 and F760. Hence, energy transfer processes among pigments in A. platensis may be examined by monitoring signals from excited states of these pigments. In the present study, we examined excitation relaxation dynamics in A. platensis by means of steady-state absorption and picosecond time-resolved fluorescence spectroscopies. We discuss differences in light-harvesting and energy-transfer processes in A. platensis grown under different light conditions.
Experimental

Culture conditions
A. platensis cells were grown in 500 mL Erlenmeyer flasks containing 250 mL of SOT medium at 303 K (~30°C) with 100 rpm agitation. Before cultivation under different light qualities, A. platensis cells were grown under a fluorescent lamp with a light intensity of 50 μmol photons m -2 s -1 for 7-8 days (whole-day illumination); these were used as control cells. Next, A. platensis cells were grown under different light qualities for 2 days (whole-day illumination), with initial optical density at 750 nm (OD 750 ) set to 0.04. Light intensity was 270 μmol photons m -2 s -1 for each light source. We prepared eight kinds of lights for cultivation; a fluorescent lamp, a white-lightemitting diodes, and six light-emitting diodes (LED) of different colors, embracing the visible to the far-red region of the electromagnetic spectrum. Fig. 1 shows spectral profiles of the lights used for cultivation, together with an absorption spectrum of A. platensis cells. In the absorption spectrum ( Fig. 1a ), four peaks are found, which are assigned to the Chl Soret (~435 nm), carotenoid (Car) (~500 nm), PBS (~620 nm), and Chl Qy (0,0) (~676 nm) bands. The fluorescent lamp and white-light-emitting diodes (WFL and WLED, respectively) are absorbed by all photosynthetic pigments in A. platensis cells. On the other hand, pigments of cells grown under the single color LEDs do not necessarily absorb photons; blue (B) light can be absorbed by Chl and Car, green (G) light by Car, yellow (Y) light mainly by PBS and slightly by Car, Red light 1 (R1) mainly by PBS and slightly by Chl, red light 2 (R2) by PBS and Chl, and far-red (FR) by lowenergy Chl.
Measurements and analyses
Steady-state absorption spectra were measured by a spectrometer equipped with an integrating sphere (JASCO V-650/ISV-722) at room temperature. Time-resolved fluorescence spectra (TRFS) were measured with time-correlated single-photon counting system at 77 K as described previously [13] . Polyethylene glycol (average molecular weight 3350, final concentration 15% (w/v), Sigma-Aldrich, USA) was added to sample solutions to obtain homogeneous ice at 77 K. All samples were prepared for under dimly lit condition. Excitation wavelength was 400 nm. At this wavelength, all pigments were simultaneously excited. The time interval for data acquisition was set to 2.4 ps/channel or 24.2 ps/channel. At least three sets of measurements were carried out for each time interval: (a) 600-780 nm at intervals of 2 nm (PBS and Chl fluorescences), (b) 600-680 nm at intervals of 1 nm (PBS fluorescence), and (c) 670-780 nm at intervals of 1 nm (Chl fluorescence). TRFS obtained in (b) and (c) were essentially the same as those in (a), and TRFS measured in 2.4 ps/channel were consistent with those in 24.2 ps/channel. These confirm that sample conditions did not change during measurements. Fluorescence rise and decay curves were analyzed by global analysis to obtain fluorescence decay-associated spectra (FDAS) [19] . Table 1 summarizes intensities of the Car and PBS band (relative to the Chl Qy (0,0) band), together with OD 750 following 2-days cultivation. As the Car band, we selected the 500-nm band. At this wavelength, absorptions of C-phycocyanin, allophycocyanin, and Chl are small [2] . Chl exhibits the Qy (1,0) absorption band around 620 nm. Here, in order to estimate intensities of PBS band in A. platensis cells, we assume that the relative intensity of the Qy (1,0) band to that of the Qy (0,0) band in protein is the same as that in solution. When we shift the absorption spectrum of Chl a in benzene solution to the red to locate the peak position of the Qy (0,0) band in solution at the same wavelength as that in A. platensis cells, an absorbance of the Qy (1,0) band around 620 nm is estimated to be 0.14-0.15. Therefore, we list the values of PBS/Chl after subtracting 0.145 from the apparent relative absorbance around 620 nm ( Table 1) . The B-, G-, and FR-light grown cells possess the largest amount of PBS (PBS/Chl = 0.77-0.84), suggesting that A. platensis cells grown under light that is not absorbed by PBS contain elevated levels of PBS.
Results
Absorption spectra of A. platensis grown under different light conditions
In the present study, intensities of lights used for cultivation were set at 270 μmol photons m -2 s -1 . To estimate relative numbers of photons absorbed by A. platensis cells, we calculated the overlap between the spectrum of each light and the absorption spectrum of cells ( Table 1 ). The OD 750 values, which correlate to growth rate, were very small for the B-and G-light grown cells, despite these light frequencies being absorbed by A. platensis cells. Relative spectral overlaps for the B-and G-light grown cells to that for the R2-light grown cells were 0.81 and 0.53, respectively; however, the OD 750 values for the B-and G-light grown cells are almost 10% that for the R2-light grown cells. This is probably due to quenching of excitation energy in B-light grown cells as revealed by time-resolved fluorescence (see below) and non-efficient energy-transfer from Car to Chl in G-light grown cells. The OD 750 value of the FR-light grown cells was almost the same as the initial value (0.04), indicating that uphill energy transfer from the red-Chl might not be efficient for growth. It is difficult to find simple correlations between Car content and light quality, but A. platensis cells grown under the B-light, whose spectral property is consistent with Car absorption, showed the lowest Car content.
3.2. Time-resolved fluorescence spectra and decay-associated fluorescence spectra of control cells Fig. 3a and b display normalized TRFS of control cells in the PBS and Chl fluorescence regions, respectively. In the PBS fluorescence region, a phycocyanin peak was observed around 650 nm immediately following excitation. Another peak, corresponding to allophycocyanin, appeared at 665 nm at 85-110 ps and shifted to 668 nm at 260-310 ps. After 1.5 ns, all peaks had vanished, indicating that energy had been transferred to Chl. At a later stage, a very weak band was recognized, possibly representing fluorescence from pigments that are not incorporated into the energy transfer chain. In the Chl fluorescence region, on the other hand, the 730-nm band, assigned to the PSI red-Chl band, was dominant immediately after excitation. After 260 ps, another red-Chl band appeared at the longer wavelength end of the spectrum, which increased in relative intensity with time, eventually peaking at 760 nm after 1.5 ns. For all times, the PSII fluorescences were recognized as a peak at 698 nm with a shoulder around 685 nm. Delayed fluorescences were observed in the Chl fluorescence region after 40 ns, showing three peaks at 698 nm, 730 nm and 760 nm, and a shoulder around 685 nm. This suggests that excitation energy is shared between PSI and PSII in A. platensis cells, as previously observed in red algae species P. cruentum, B. fuscopurpurea, P. yezoensis, C. giganteus, and P. crispate [13] .
To further investigate excitation relaxation in A. platensis cells, we performed global analysis, and obtained fluorescence decayassociated spectra (FDAS) [19] . During analysis procedures, we did not assume spectral profiles of FDAS. Fluorescence rise and decay curves at different wavelengths were fitted by sums of exponentials with common time constants as follows:
The FDAS for each time-constant (τ n ) is given by the amplitudes (A n (λ)). Positive and negative values of amplitude indicate Relative intensities of carotenoid (Car) and phycobilisome (PBS) to chlorophyll (Chl) in absorption spectra of A. platensis cells grown under different light conditions for 2 days. Optical densities at 750 nm after the 2-days cultivation and overlap of the spectrum of the individual light and the absorption spectrum are also listed. The initial values of Car/Chl, PBS/Chl, and OD 750 were 0.85, 0.76 (λ max, PBS = 620 nm), and 0.04, respectively.
Light
Car fluorescence decay and rise, respectively. A pair of positive and negative amplitudes indicates energy transfer from a pigment with positive amplitude to one with negative amplitude. The FDAS of the control cells is shown in Fig. 3c .
To analyze the TRFS of control cells, six time constants are required: shorter than 10 ps (b 10 ps), 75 ps, 200 ps, 540 ps, 1.6 ns, and longer than 5 ns (≥ 5 ns) (Fig. S1 ). The number of lifetime components was also estimated by the single value decomposition (SVD) method [6] . In these spectra, delayed fluorescence was recognized in the Chl fluorescence region, but not in the PBS fluorescence region. However, due to low amplitudes, the longest lifetime value in the PBS fluorescence region is not readily distinguishable from that in the Chl fluorescence region. Therefore, the longest times (time constant exceeding 5 ns) were used in the analysis. The FDAS with the shortest time constant (b 10 ps) exhibited positive amplitudes around 642 nm and 695 nm and negative ones around 665 nm and 730 nm. Energy transfers from phycocyanin to allophycocyanin and those from higher-energy Chl to F730 in PSI occurred within 10 ps. In the PBS fluorescence region, following the fast energy transfer from phycocyanin to allophycocyanin (b 10 ps), decay components were recognized at wavelengths shorter than 670 nm in the 75 ps FDAS and around 670 nm in the 200 ps FDAS, indicating sequential energy transfer in PBS. In the 75 ps FDAS, amplitude magnitudes around 760 nm were comparable to those around 730 nm, but were negative at the longer wavelengths, suggesting that F760 received excitation energy within 75 ps. The decay time constants of F730 and F760 were 240 ps and 540 ps, and, 540 ps and 1.6 ns, respectively. The lower red-Chl (F760), which is characteristically found in A. platensis, seems to contribute to slower energy transfer phases in PSI, compared with the red-Chl of higher transition energy (F730). The PSII red-Chl pigments, F685 and F698, displayed peaks in the 75-ps FDAS and the 1.6-ns FDAS, respectively. The PSII red-Chls, as well as both PS1 red-Chls (F730 and F760), fluoresced in the FDAS with the longest time constant. This implies that excitation energy is shared between PSI and PSII in A. platensis as was previously found for photosystems in red algae [13] , and also that F760 is able to share energy. By sharing energy, both PSI and PSII in A. platensis cells might work properly even under the light-condition where one PS mainly received photons. with larger amplitudes than were observed for the other light-grown cells. It was found that, in the Ylight grown cells, the excitation energy absorbed by PBS efficiently transfers in PBS, with time constant shorter than 10 ps. The G-and FR-light grown cells, which cannot receive light energy through PBS, exhibited no fluorescence with time constant longer than 5 ns in the PBS fluorescence region. In these two cases, all pigments seem to be incorporated into the energy transfer system. Two bands, F685 and F698, were observed in the FDAS with the longest time constant (≥ 5 ns), originating from the delayed fluorescence. Apart from the WFL-grown cells, the F730 band also contributed to the FDAS with the longest lifetime, in which relative amplitudes of F730 depended on cultivation-light. These trends show that the PSII-to-PSI energytransfer can be controlled to adapt to light quality.
Decay-associated fluorescence spectra of A. platensis grown under different light conditions
Discussion
Energy transfer processes within PBS
The ratio of PBS to Chl depended on the cultivation-light (Fig. 2 , Table 1 ); A. platensis cells grown under light that is not absorbed by PBS contain a larger amount of PBS. A. platensis cells showing the larger PBS/Chl ratio exhibited an absorption peak at shorter wavelength (Table 1) . Therefore, the B-and FR-grown cells (PBS/Chl~0.85) accumulate a larger amount of phycobiliprotein(s), revealed as shorterwavelength spectral profiles(s) than the R2-light grown cells (PBS/ Chl~0.55). In the FDAS with the shortest time constant, however, relative amplitudes at wavelengths within the range below 625 nm to around 640 nm were largest in the R2-light grown cells. Energy transfer processes in PBS are resolved in the FDAS with the first and second shortest time constants. In these two FDAS, A. platensis cells other than those grown under R2-light generated no strong band at wavelengths shorter than 625 nm. These results suggest that, with the exception of the R2-light, energy transfer from phycobiliprotein(s) with shorterwavelength profile(s) occurred within the time-resolution of the current apparatus (shorter than a few ps). Phycobiliprotein(s) with shorter-wavelength profile(s) were present in the R2-light grown cells, as revealed by the 20-ps FDAS; however, energy transfer from these higher-energy phycobiliprotein(s) might be less efficient under this light condition.
In the FDAS of the control cells with the shortest time constant, energy transfers from phycocyanin to allophycocyanin were recognized as a pair of positive amplitudes around 642 nm (phycocyanin) and negative ones around 665 nm (allophycocyanin). All of the cells examined yielded positive spectral amplitudes below 650 nm, however, the sign of amplitudes around 665 nm was light-quality dependent, being negative in the WFL-, B-, and R2-light grown cells, almost zero in the G-, Y-and R1-light grown cells, and positive in the WLEDand FR-light grown cells. At the current excitation wavelength (400 nm), all pigments were simultaneously excited. Therefore, the sign of amplitudes around 650 nm should quantify the ratio of allophycocyanin which directly absorbs laser pulse (positive amplitudes) to that receiving excitation energy from phycocyanin (negative amplitudes). Under conditions of high phycocyanin content, negative amplitudes are expected around 665 nm, since phycocyanin is a known energy donor for allophycocyanin. The B-and FR-light grown cells showed almost the same PBS/Chl ratio (~0.85) with a common PBS peak (619 nm); therefore, the same energy transfer dynamics are expected for PBS under these two light conditions. However, in the FDAS with the shortest time constant, the B-and FRlight grown cell pigments yielded opposite sign spectral amplitudes around 650 nm (negative and positive for B-and FR-light grown cells, respectively), for reasons which are not clear at the present experimental stage. Most likely, under the FR-light condition, ultrafast energy-transfer pathways are established and allophycocyanin receives energy from phycocyanin immediately following laser excitation of phycocyanin.
Energy transfer processes in Chl
The PSI of A. platensis displayed two fluorescence bands, F730 and F760. F760 contributed to FDAS with longer time constant than F730, suggesting that F760 works as the terminal energy trap in the PSI of A. platensis at 77 K. Recently, the whole genome sequence was clarified in A. platensis [20] . Compared with amino acid sequences from PSI of other species, those of Authrospira spp. exhibit some substitutions and insertions. According to the work by Schlodder et al., an absorption band due to F760 was observed in trimetric PSI, but not in monomeric PSI [21] . On the assumption that F760 is located at boundary regions between monomers, three candidates are conceivable for origins of F760 ( Fig. S2) : (i) a substitution of F161Y in PsaB, (ii) substitutions of P67T and L68Q in PsaL, and (iii) insertions of K and E between Q35 and S36 in PsaK. Carotenoids are located near these substitutions and insertions, which could quench F760. It was reported that P700 + and 3 P700 also work as a quencher of F760 [21] . The PSIs of Synechocystis sp. PCC 6803 and Gloeobacter violaceus PCC 7421 exhibit terminal red-Chl fluorescence peaks at 722 nm (F722) and 706 nm (F706), respectively [15] . The lifetimes of F706 and F722 were reported as 650-660 ps, comparable to the slower phase of F730 decay in A. platensis (450-820 ps). By possessing F760, A. platensis might be able to preserve excitation energy for extended times. Relative amplitudes of F730 and F760 in the FDAS with the longest time constant (≥ 5 ns) depend on light qualities. Those of F730 and F760 are comparable in the G-light grown cells, whereas contribution of F760 is negligible in the Y-light grown cells, although both the G-light grown cells and the Y-light grown cells produce large amplitudes of the F760 band in the 500-ps and 1.7-ns FDAS. This indicates that excitation energy trapped by F730 does not necessarily transfer to F760. The results for cells grown under the B-light condition suggest that quenching through the PSI red-Chls occurs (the 140-ps FDAS).
Under the Y-light condition, Chl cannot capture light energy directly from the light source, but receives it from PBS as excitation energy. Therefore, in order to excite Chl in PSI, PBS should act as an antenna for PSI, besides that for PSII. Energy transfer from PBS to PSI can occur by direct transfer between the molecules, or indirectly (via the intermediate PSII, which accepts energy from PBS and donates it to PSI). Contribution of F730 to the delayed fluorescence is largest in the Y-light grown cells, indicating that the PSII-to-PSI energy transfer is most efficient in the Y-grown cells. In addition, larger amplitudes of the FDAS with the shortest time constant (b 10 ps) indicated that fast energy transfer (within 10 ps) is the main energytransfer pathway in PBS of the Y-grown cells. Therefore, efficient energy transfer from PBS to PSI via PSII should be established in these cells. Under the Y-light condition, the PBS fluorescence shows the largest positive amplitudes at 650 nm in the FDAS with the shortest time constant, whereas F730 exhibits the largest negative amplitudes in the 50-ps FDAS, indicating that the main pathway for energy transfer from PBS is different from that for energy transfer to F730. The direct PBS-to-PSI energy transfer appears to be not dominant.
Influences of cultivation-light intensity on energy transfer processes
Besides light quality, light intensity influences energy transfer [3] . The fluorescent lamp, under which the control cells were grown, was approximately 5 times weaker than the WFL. Therefore, differences observed between the FDAS of the control cells and that of the WFL-grown cells reflect adaptation of energy transfer processes to different light intensities of the fluorescent lamp. In summary, these differences were: (1) energy transfer to F730 occurred within 10 ps and 60 ps in the control cells and in the WFL-grown cells, respectively; (2) contribution of F760 in the 1.6-ns FDAS was reduced in WFLgrown cells; (3) delayed fluorescence in the WFL-grown cells was negligibly small in the PSI fluorescence region. From these results, we infer that high fluorescent lamp intensity suppresses (1) energy transfer to F730, (2) energy transfer to F760 or content of F760, and (3) energy transfer from PSII to PSI. In addition, the intensity of phycobiliproteins not incorporated into the energy transfer chain increased in the FDAS with the longest time constant. This suggests weaker interactions between pigments under the fluorescent lamp with higher intensity.
Summary
Using time-resolved fluorescence spectroscopy, we examined differences in energy transfer processes of A. platensis cells grown under different light conditions. The cells grew most rapidly under R2-light, probably because the R2-light can directly excite the Chl Qy band in both photosystems. Due to the complexity of the WFL spectral profile, correlation between energy transfer and light quality is difficult to resolve for the WFL-grown cells. However, uniquely among the light qualities studied, excitation energy was found to be not shared between the two photosystems in these cells. In this sense, a fluorescent lamp provides a unique light source for cultivation of A. platensis. Existence of quenching was suggested in PSI of the B-light grown cells, and is probably responsible for the low growth rate under the Blight condition. B-light might work as one of the triggers to control the amount of energy flows from antenna Chl to the reaction center. PBS in the G-and FR-light grown cells transferred excitation energy from PBS to Chl without loss. In these cells, excitation energy was shared between the two photosystems. Fast energy transfer was established in PBS under the Y-light condition, in which PBS alone can absorb the cultivation light. By cultivating A. platensis under lights of varying wavelengths and intensities, the light-intensity dependences of energy transfer processes could be recognized and characterized.
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